R ecently, stereo-electroencephalography (EEG) 28 and depth electrode recordings in patients with refractory epilepsy with perisylvian semiology have shown that the insular cortex is primarily involved in seizure generation and propagation. 1,6,7,10, 29, 30 Epilepsy surgery failure rates range from 12% to 50%; failure to consider the primary role of the insula in epileptogenesis is now regarded as an important cause of surgical failure. 17, 26, 27 Seizures arising from the insular cortex are especially problematic as their semiology and features on abbreviations AED = antiepileptic drug; ECoG = electrocorticography; EEG = electroencephalography; FCD = focal cortical dysplasia; MCA = middle cerebral artery; TSC = tuberous sclerosis complex; TTE = time-to-event. resUlts Thirteen children (age range 6 months-16 years) with intractable focal epilepsy underwent insular-opercular resection. Seven children described symptoms that were suggestive of insular seizure origin. Discharges on scalp EEG revealed wide fields. Four patients were MRI negative (i.e., there were no insular or brain abnormalities on MRI), 4 demonstrated insular signal abnormalities, and 5 had extrainsular abnormalities. Ten patients had insular involvement on PET/SPECT. All patients underwent invasive investigation with insular sampling; in 2 patients resection was based on intraoperative electrocorticography, whereas 11 underwent surgery after invasive EEG monitoring with extraoperative monitoring. Four patients required an extended insular resection after a failed initial surgery. Postoperatively, 2 patients had transient hemiplegia. No patients had new permanent neurological deficits. At the most recent follow-up (mean 43.8 months), 9 (69%) children were seizure free and 1 had greater than 90% seizure reduction.
Progress in understanding the physiological relationships and vascular anatomy of the insula together with the introduction of more sophisticated stereotactic and microsurgical techniques have improved the outcomes of insular epilepsy surgery. 23 Recent reports, mostly in adult patients, have shown that insular-opercular invasive investigation and resection are both feasible and effective. 1, 13, 21, 29 However, surgical experience with insular epilepsy surgery, particularly in children, remains limited due to the limitations of noninvasive monitoring (particularly scalp EEG), challenging access to the insula for depth electrode recording and the significant risk of surgical morbidity in insular-opercular resection.
7,13,14 Very few studies have described surgery of the insular/perisylvian region in children. 8 To further describe insular-opercular seizures in early life and the role of surgery, we herein report, to our knowledge, the largest single-center cohort of pediatric patients undergoing resective surgery of the insular-opercular/ perisylvian cortex for refractory epilepsy.
Methods study Design and Preoperative evaluation
We reviewed an electronic database that was prospectively maintained by an experienced senior epileptologist at Miami Children's Hospital. This database is updated in real time during the epilepsy surgery conference or immediately following surgery and at follow-up visits. We queried the database for patients with insular epilepsy and reviewed medical records of consecutive patients undergoing resection involving the insula for management of medically refractory epilepsy at Miami Children's Hospital between September 2009 and April 2015. All surgical insular epilepsy cases during the study period were included. We review all of our surgical failures and hence do not think that any cases with suspected insular epilepsy were missed during the study period. All patients had intractable focal epilepsy and underwent comprehensive noninvasive presurgical evaluation, which always included detailed history and physical examination, long-term video-EEG monitoring, 3-T MRI, and functional imaging (PET and/or SPECT), as previously reported. 15, 16, 23 Patients also underwent functional MRI for localization of relevant eloquent areas.
Image coregistration of multiple modalities was routinely performed to more precisely define the epileptogenic region and its relationship to eloquent cortex. Data review at a multidisciplinary epilepsy surgery conference attended by pediatric epileptologists, neurosurgeons, neuroradiologists, neuropsychologists, and neurophysiologists led to a comprehensive surgical treatment plan. Invasive investigation with insular sampling for epileptogenic and functional mapping was performed in all cases. Most patients underwent a 2-stage resection with extraoperative mapping. In 2 patients with well-defined lesional focal epilepsy with congruent noninvasive data, single-stage electrocorticography (ECoG)-guided resection with insular and hemispheric sampling was performed prior to resection. The topography for the placement of insular and perisylvian electrodes was determined from multimodality noninvasive testing results. The rationale for exposing the patients to the risks associated with splitting the sylvian fissure and investigating the insula was justified based on both a high degree of suspicion for insular seizures in these patients and the concern that unrecognized insular seizures are a significant cause of epilepsy surgery failure. Clinical suspicion was based on clinical semiology, lesion visualized on MRI, video-EEG/source localization, and PET or SPECT imaging demonstrating involvement of the insula within the epileptogenic zone. The surgeons were also confident that there would be limited morbidity associated with sylvian fissure dissection and wide exposure of the insular cortex.
resective surgery technique
Following extraoperative invasive monitoring for epileptogenic zone and functional mapping, including placement of insular depth and hemispheric grid/strip electrodes, patients underwent second-stage corticectomy (Fig.  1) . All patients underwent a wide fronto-temporo-parietal craniotomy. Care was taken to drill the lesser wing of the sphenoid to facilitate wide anterior microsurgical access to the insula through the limen insulae. The dura was opened widely and reflected forward. The sylvian fissure was first opened widely in its operculo-insular segment to avoid loss of CSF. This facilitated wide microsurgical dissection to expose the vertical limbs of the insula. An attempt was then made to expose the sylvian fissure along its entire length. A wide initial exposure was preferred as it facilitates placement of depth electrodes and subsequent insular resection. This also avoids the difficulties that may be encountered when obtaining a wider insular exposure at the time of resection. Exposure of the anterior short and posterosuperior long insular gyri was then obtained. The M 2 middle cerebral artery (MCA) vessels were followed to the M 3 divisions to obtain maximal exposure of the superior and inferior limiting sulcus where the branches of the MCA turn around the frontoparietal and temporal opercula.
Following the decision to resect the insula, the frontal and temporal opercula were gently retracted. The insular cortex was incised, and subpial resection of the insular cortex was performed with the aid of a No. 5 Rhoton microsurgical dissector. Great care was taken to achieve a wide subpial resection while avoiding extending into the lentiform nucleus. The insular cortex was resected subpially using 5-F suction and Rhoton microdissectors. Bleeding was controlled using bipolar cauterization and the application of Surgicel. Papaverine was instilled locally to avoid vasospasm. Injury to some sylvian long M 2 perforating arteries to the insular cortex was often unavoidable, but extra caution was exercised to protect perforating lenticulostriate vessels that supply the internal capsule and centrum semiovale. The extent of insular resection was tailored by direct EEG guidance. Additional opercular, temporal, or orbitofrontal resection was also carried out as required. We prefer to apply topical papaverine at the end of the procedure to avoid spasm of the M 3 vessels.
outcome assessment and Data Collection
Collected variables included demographic data (patient sex, duration of epilepsy, and age at time of surgery), seizure data (frequency and semiology), side of surgery, history of presumed etiology, extent of insular-opercular/ perisylvian resection based on MRI findings, and pathological substrate. Radiological data included assessment of MRI, EEG, SPECT, PET, and source localization whenever available.
We assessed seizure outcome in several ways, including Engel classification, percentage of seizure reduction, postoperative change in quantity of antiepileptic drug (AED) use, and a time-to-event (TTE) measure (i.e., time to first seizure after surgery).
2,4 For the TTE Kaplan-Meier analysis, an event was defined as any seizure other than those in the 1st postoperative week and auras. We also excluded reactive seizures and those attributable to poor AED compliance or weaning of AEDs. TTE analysis has several advantages over a yes/no seizure recurrence approach. 1) The analysis takes into account the changing seizure status and variability in duration of follow-up, thereby increasing our sample (patients with short follow-up can be included in this model).
2) The approach places a positive value on delay in seizure recurrence. 3) Using Cox regression, it allows for examining the influence of various patient-level covariates on seizure outcome. 4) It is statistically more powerful than the yes/no approach. However, the main disadvantage of this approach is that it will fail to account for the "running down phenomenon" (gradual decline of seizures over several months or years until seizure freedom is achieved following surgery).
2 Outcome data also included presence and type of complications.
results

Clinical Data
We identified 13 children who underwent insular resections (5 males and 8 females); the mean age at seizure onset was 2.8 years, and the mean age at surgery was 8 years (range 6 months-16 years) ( Table 1 ). The mean time between age at seizure onset and insular resection was 8.2 years (range 0.5-6.5 years). Three patients underwent resective surgery prior to insular-opercular resection; 1 patient underwent parietal tuber resection and 2 underwent anterior temporal lobectomies. Patients were receiving a mean of 2.1 antiseizure medications (range 1-4) prior to the initial insular-opercular resection.
Seizure semiology for each patient is listed in Table 2 . Seven patients exhibited seizures with early seizure semiology that suggested primary insular and/or opercular involvement, including characteristic pharyngeal or laryngeal discomfort/aura in 3; neurovegetative symptoms including tachycardia, pupillary mydriasis, and facial flushing in 1; emotional auras in 2; oropharyngeal responses such as hypersalivation and gagging and guttural sounds in 3 (suggesting opercular origin); and cephalic symptoms ("feeling spiders in her head") in 1. 13 Five children did not experience subjective early symptoms, but most were too young (all < 8 years old) to verbally express somatosensory symptoms.
eeg Data
Scalp EEG recordings for all patients evidenced a lateralized widespread electrographic field that included the perisylvian opercular region (frontal, temporal, and parietal electrodes) (Table 3) .
neuroimaging Data
MRI of the brain was performed in all patients (Table  3 ). The MRI study was nonlesional (i.e., it did not reveal lesions) in 4 patients. In 4 patients, MRI revealed lesions outside the insula, including 2 patients with FLAIR hyperintensities in the anterior temporal lobe without clear involvement of the insula and 2 patients with isolated frontal lobe lesions (atrophy and focal cortical dysplasia [FCD]), 1 of whom had involvement of the opercular cortex. In 5 patients, MRI demonstrated lesions involving the insula. In the 3 patients with tuberous sclerosis complex (TSC), MRI showed multiple tubers extending into the insula (1 calcified) in 2 patients and in the parietal operculum reaching the edge of posterior insula in 1. MRI in the 2 other patients showed insular abnormalities, including 1 patient with subtle nonspecific FLAIR hyperintensity in the right insula and another with perisylvian/insular atrophy.
FDG-PET scanning was performed in all but 2 patients (Table 3) . PET scans were negative in 5 patients. Six scans demonstrated interictal hypometabolism that was congruent with the ictal onset zone; 4 of these 6 patients had insular hypometabolism. Ten of the 13 patients underwent ictal SPECT scanning. Although the PET scan for the patient in Case 6 did not reveal insular involvement, ictal SPECT was deemed unnecessary as brain MRI showed a definitive insular lesion. Of the 10 ictal SPECT scans, hyperperfusion involved the insula in 8 (with or without the adjacent perisylvian cortex), whereas 2 had hyperperfusion in the periinsular cortex only. 13 The patient in Case 2 did not show insular involvement on MRI, PET, or SPECT, but scalp EEG recording demonstrated a widespread electrographic field (temporo-parieto-occipital) that included the operculum, and intracranial EEG recording confirmed insular seizure onset (Fig. 2) .
invasive investigation
All medically resistant cases of suspected insular epilepsy potentially amenable to surgical resection were confirmed with invasive monitoring. Invasive investigations were performed in all 13 patients, including extraoperative recording and stimulation with perisylvian and insular sampling in 11 cases. Depth electrodes were placed in the insula with hemispheric subdural strips and grids through an open craniotomy in all patients except 1, in whom stereo-EEG was used. In 11 patients, a parasagittal transinsular apex depth electrode was placed through an open craniotomy following dissection of the sylvian fissure. In the 2 remaining patients, insular electrodes were placed using stereo-EEG in one and using frameless stereotaxy (frontal transopercular insular electrode) in the other. In 2 patients (Cases 4 and 13), intraoperative electrocorticography (ECoG) via depth electrodes on the insula was sufficient to map the epileptogenic zone because the com- bination of MRI, PET hypometabolism, and ictal SPECT hyperperfusion was felt to be convincing evidence of insular involvement. In all but one patient (Case 9) undergoing extraoperative mapping, the insula was documented to be the region of seizure onset in addition to varying degrees of perisylvian cortex, revealing either spike-wave discharges or rhythmic fast frequencies.
surgical and outcome Data
Insular resection involved the left side in 5 patients and the right side in 8 patients. The resection plane always included the extrainsular cortex from the frontal, parietal, or temporal lobe (Fig. 3, Table 4 ). Four patients underwent a second resection of residual insular tissue, with 3 becoming seizure free (Fig. 4) . Another patient (Case 1) required a third 2-stage parietal corticectomy. The final resection on MRI for each patient is shown in Fig. 3 .
The mean follow-up duration was 43.8 months (range 6-60 months). Good seizure outcome was obtained in 10 (77%) patients, including 9 (69%) who had Engel Class I outcome. The mean time to seizure recurrence was 32.6 months (range 18.5-46.6 months) (Fig. 5) . Five patients were weaned off at least 1 antiseizure medication, including the patient in Case 3 who was weaned off all antiseizure medications. One patient (Case 5) had a poor seizure outcome (Engel Class IV) and received an additional antiseizure medication. Another patient (Case 10) had a poor outcome related to progression of Rasmussen's encephalitis, with persistent seizures despite further medical treatment with steroids, rituximab, intravenous immunoglobulin, and CellCept (mycophenolate). Surgical data are summarized in Table 4 .
There were 2 procedure-related complications. The patient in Case 5 had a postoperative MCA territory stroke following the second insulectomy causing a hemiparesis that completely resolved, and the patient in Case 3 had transient expressive aphasia and hemiparesis for 3 days following insulectomy.
Histopathological examination of the resected specimen showed FCD (n = 9), Rasmussen's encephalitis (n = 1), and TSC (n = 3). Postoperative/outcome data are summarized in Table 4 .
Discussion
To our knowledge, our series is the largest series of pediatric patients undergoing resective surgery for refractory insular/perisylvian epilepsy. Besides generating symptoms consistent with primary insular involvement, insular seizures also mimic seizures arising in contiguous brain regions. 13, 20, 21 Associated structures typically include the frontal, temporal, and parietal opercula, but mesial temporal and frontocentral regions are also implicated in insular seizure semiology. 13 The overlapping seizure semiology and close anatomical connection of contiguous structures to the insular cortex often lead to diagnostic uncertainty and are an important source of failure in epilepsy patients undergoing frontal, temporal, or parietal lobe resections.
Diagnosing insular-opercular epilepsy in Children
Since the initial description of insular epilepsy in 2004, several studies have validated typical semiology and some have suggested a somatotopy, in which viscerosensory symptoms arise from the anterior insula, somatosensory symptoms arise from the posterior insula, and sympathetic effects occur in the dominant insula.
13,20-22 However, almost half of our patients did not have typical insular semiology, likely because symptoms of insular epilepsy are often subjective (viscerosensory, somatosensory) and young children may not be able to express these symptoms. 8 However, 54% of patients did have typical early seizure manifestations consistent with insular epilepsy, including somatosensory symptoms, pharyngeal or laryngeal aura, and neurovegetative symptoms, all consistent with other pediatric insular epilepsy series.
8
All patients had electrographic fields involving more than 1 lateral cortical surface on scalp EEG. Although this pattern is not diagnostic for insular involvement, it is more consistent with a deep epileptogenic source. When combined with additional semiology and neuroimaging data, the index of suspicion for insular involvement should be high and lead to consideration of insular depth electrode placement, which should be performed in the majority of cases of suspected insular epilepsy. 8, 20, 21 PET and ictal SPECT may show insular hypometabolism or hyperperfusion, respectively, but are rarely diagnostic due to multifocal changes from early spread or concomitant epileptic activity. 20, 21 Thus, the precise localization of an epileptic focus in the perisylvian/insular area is a major challenge, especially in MRI-negative patients or in patients for whom the lesion does not extend to the insula, as observed in 7 of our patients.
The aforementioned noninvasive tests often lead to negative or nonspecific results. Even in patients with a welldefined epileptogenic lesion on brain MRI (e.g., focal cortical dysplasia), noninvasive investigation rarely delineates the full extent of the epileptic zone. Invasive investigation is therefore often warranted, unless all noninvasive data are congruent to a well-defined insular lesion, in which case intraoperative ECoG is justifiable. While ictal onset was solely from the insula in 5 patients, the epileptogenic zone involved adjacent neocortex in all patients.
safety of operculo-insulectomy in Children
In our series, transient hemiparesis occurred in 15% (n = 2) of patients, which compares favorably to the literature. The rates of transient and permanent complications, such as hemiparesis and expressive aphasia, have been reported as 16% and 3%, respectively, in adults undergoing insular resection for gliomas and arteriovenous malformations. 20, 21 When performed for epilepsy foci in adults, most patients (57%) develop transient hemiparesis usually as a result of unavoidable long M 2 branch perforator sacrifice and subsequent corona radiata infarction; this was likely the cause of the hemiparesis in 1 of our patients. 9,19 Although typically transient, permanent hemiparesis can occur in up to 20% of reported pediatric insulectomies.
8 Surgical experience is likely an important factor in preventing permanent motor deficits. Careful preservation of the MCA branches and lenticulostriate vessels and restricting insular resection to the cortex without extending down into the white matter of the extreme capsule may help prevent permanent motor deficit.
Insular glioma surgery has been reported to increase the decline in learning and memory compared with resection of gliomas in other regions. 31 A recent study showed that insulectomy for drug-resistant epilepsy does not result in major permanent neuropsychological impairment in the vast majority of patients.
3,17 Oro-motor speed and lexical access were the only affected components on neuropsychological testing.
3 However, recurrent seizures in children can adversely affect the developing brain, leading to cognitive, functional, and social impairment. Insulectomy can be safely performed in children as postoperative motor deficits are almost always transient and, although impairment can occur in some neuropsychological domains, the overall outcome is likely to improve with better seizure control. The absence of neurocognitive data in our study is an important limitation in assessing safety and efficacy.
Efficacy of Operculo-Insulectomy
The 69% seizure-freedom rate in our series compares favorably to the 28 reported cases of pediatric drug-resistant, focal epilepsy surgery of the insula/perisylvian regions, in whom seizure-free outcome (Engel Class I) was obtained in most (70%) cases. 5, 8, 11, 18, 24, 25, 30 However, 31% (n = 4) in our series required a second procedure to complete the insulectomy and improve seizure outcome (Fig.  4) . These 4 cases underwent partial insulectomy based on data obtained from the initial intracranial video-EEG. All 4 insular reoperations occurred in patients with nonlesional epilepsy (Fig. 2, Tables 3 and 4) . Three of these patients (75%) achieved seizure freedom after the second insular resection, suggesting that the entire insula is possibly involved in the primary epileptogenic zone and complete resection of the insula may be warranted for seizure freedom, particularly in nonlesional cases. Mapping the location and extent of the epileptogenic zone was challenging in these nonlesional cases, particularly in the perisylvian region, as they rely on SPECT, PET, and intracranial electrode mapping. This highlights both the difficulty in limiting the extent of resection, particularly in nonlesional cases, and the technical challenge of assessing extent of insulectomy intraoperatively. However, this rate of reoperation and the rate of seizure freedom are reflective of the published pediatric literature given that our cohort mostly comprised patients with nonlesional, extratemporal drugresistant epilepsy.
This study highlights the complexity of evaluating the extent of insular involvement in the generation of seizures and the difficulty in achieving a complete and successful single-stage resection of insular cortex. Surgical exposure of the entire extent of the insula at one time is difficult as the MCA branches drape over its surface, and the overlying opercula and superficial and deep sylvian veins restrict their exposure. Damage to these vessels risks compromising the vascular supply of the insula and the opercular cortex with subsequent ischemic injury. The poor outcome in 1 patient was likely related to the diagnosis of Rasmussen's encephalitis. Preoperatively, although there were concerns about Rasmussen's encephalitis, the absence of progressive atrophy over a 1-year period was strong evidence against it, and the patient was considered to have focal epilepsy related to perisylvian gliosis/atrophy. For this reason, and because he did not have a hemispheric syndrome (hemiplegia, homonymous hemianopia), he did not undergo hemispherectomy.
Data from this series and 2 other pediatric series confirm that isolated insular involvement is uncommon (Table 5) . 8 The epileptogenic zones typically include adjacent neocortex, and resection of these areas is required to achieve good seizure outcome. This agrees with other pediatric series in which the epileptogenic zone in insular cases almost always extends to adjacent cortex and reduces the likelihood of seizure freedom.
8, 30 In a series of adults (n = 18) and children (n = 6), 8 of the 24 patients had seizures arising from the insula alone as determined by invasive EEG recordings, and 75% became seizure free. In the remaining 16 patients, seizures arose from both the insula and adjacent neocortex, and only 56% became seizure free.
Limitations of our study include the small sample size and the retrospective data review. Furthermore, the followup period was short (< 12 months) in 2 of our patients, and assessment of efficacy should be analyzed with caution. Future studies should include reevaluating surgical failures in patients with prior frontotemporal resections and resections involving widespread electrographic fields for evidence of insular involvement, as well as the use of stereo-EEG instead of depth electrodes.
Conclusions
Pediatric refractory insular-opercular epilepsy is complex. Surgery is safe and good outcome can be obtained in the majority of cases. Our results suggest that more radical insulectomy may be warranted in some patients to avoid reoperation and improve seizure outcome. 
